There exist gender differences in the modulation of catechol-O-methyltransferase (COMT) Val158Met polymorphism on cognitive performance; however, the underlying gene-anatomy-cognition pathways remain unknown. Here we hypothesize that prefrontal volume may mediate the modulation of COMT Val158Met polymorphism on interference resolution capacity in a gender-dependent manner. In 261 healthy young human subjects (143 males and 118 females), a 2-way analysis of variance showed a COMT × gender interaction (P = 0.023) on interference resolution capacity. Val/Val subjects performed worse in Stroop interference test than Met/Met subjects only in males (P = 0.028). Voxel-wise analysis in the whole brain also exhibited a COMT × gender interaction on gray matter volume (GMV) in the left lateral frontal pole (FP). Val/Val male individuals exhibited significantly decreased GMV in the left lateral FP than Val/Met (P = 0.003) and Met/Met (P = 0.006) male carriers. Mediation analysis revealed that the GMV of the left lateral FP mediated the association between COMT polymorphism and interference resolution in males. These findings provide a gene-anatomy-cognition pathway to describe how COMT Val158Met polymorphism affects interference resolution capacity via modulating the prefrontal GMV in healthy male subjects.
Introduction
Catechol-O-methyltransferase (COMT) catalyzes the degradation of synaptic dopamine in the brain and is thought to be the most important modulator of synaptic dopamine concentration in the prefrontal cortex (PFC) (Mannisto and Kaakkola 1999; Seamans and Yang 2004) . The COMT Val158Met polymorphism results in decreased enzymatic activity and increased synaptic dopamine concentration in Met carriers (Mannisto and Kaakkola 1999) . Estrogen can down-regulate COMT activity (Xie et al. 1999; Jiang et al. 2003) , resulting in increased dopamine concentration in females than in males. Because dopamine modulates brain structural and functional properties in a nonlinear manner, gender differences have been frequently observed in the modulation effects of COMT polymorphism on external phenotypes, such as executive control (Holtzer et al. 2010) , facial recognition (Kempton et al. 2009 ), verbal ability (O'Hara et al. 2006 , personality (Reuter et al. 2006; Lang et al. 2007; Chen et al. 2011 ) and psychiatric disorders (de Castro-Catala et al. 2015) .
The relationship between executive control and COMT Val158Met variation has been well documented (Egan et al. 2001; Joober et al. 2002; Malhotra et al. 2002; Goldberg et al. 2003; Rosa et al. 2004; Galderisi et al. 2005) . For example, the interference resolution has been linked to COMT Val158Met polymorphism (Nolan et al. 2004; Reuter et al. 2005; Green et al. 2013 ). Most of gene-anatomy studies have suggested that COMT Val158Met polymorphism is associated with structural variations in the brain (Taylor et al. 2007; Cerasa et al. 2008; Honea et al. 2009; Mechelli et al. 2009; Tian et al. 2013; Watanabe et al. 2015) , especially in the PFC (Cerasa et al. 2008; Honea et al. 2009; Mechelli et al. 2009; Tian et al. 2013) ; however, several studies have reported no effects of COMT on frontal (Ho et al. 2005; Ohnishi et al. 2006; Barnes et al. 2012) or hippocampal volume (Dutt et al. 2009 ). Moreover, 2 studies revealed gender difference in the modulation (Zinkstok et al. 2006; Tian et al. 2013 ). In anatomy-cognition studies, the interference resolution has been associated with the PFC volume in healthy subjects (Takeuchi et al. 2012 ). Although gender difference in the modulation of COMT Val158Met polymorphism and pairwise relationships of gene-cognition, gene-anatomy, and anatomy-cognition have been extensively investigated, there is lack of any direct evidence on the gender differences in gene-anatomy-cognition pathways that account for the association between COMT Val158Met variation and interference resolution. In this study, we used a mediation analysis to test the hypothesis that there exists gender difference in the mediation effect of the prefrontal volume on the association between COMT Val158Met polymorphism and the interference resolution.
In 261 Chinese Han healthy subjects, a 2-way analysis of variance (ANOVA) was firstly used to investigate the interaction effect between COMT genotype and gender on the interference resolution assessed by the Stroop task. Secondly, the 2-way ANOVA was used to voxel-wisely identify brain regions with significant COMT × gender interaction on gray matter volume (GMV) throughout the whole brain. Because there is ample evidence that the interference resolution affects the executive control network (ECN) (Zysset et al. 2001; Laird et al. 2005; Nee et al. 2007; Roberts and Hall 2008; Grandjean et al. 2012; Jaspar et al. 2014) , we also repeated the GMV analysis within the ECN mask to reduce multiple comparisons. Thirdly, we used a mediation analysis to assess the gene-anatomycognition pathways in males and females, respectively. If a region showed significant effect, the functional properties (regional activity and functional connectivity) of the region were also analyzed using the same method and threshold as the GMV analysis.
Materials and Methods

Subjects
A total of 323 healthy young Chinese Han adults (mean age: 22.7 ± 2.5 years; 157 males and 166 females) were recruited in this study. Participants were carefully screened to ensure that they had no history of any psychiatric or neurological illness, drug, or alcohol abuse, and that they had no contraindications to MRI examination. All subjects were strongly right-handed according to the Chinese edition of the Edinburgh Handedness Inventory (Oldfield 1971) . The study was approved by the Medical Research Ethics Committee of Tianjin Medical University, and all participants provided written informed consent.
Stroop Task
The Stroop color-word task was performed on a computer with Windows XP in a quiet room outside the MRI scanner. During the task, the participants were instructed to select the colorword semantic meaning or color ("Green," "Blue," "Red," and "Yellow") by pressing the corresponding key ("1," "2," "3," and "4") on a keyboard with their right hands. The block-design task consisted of 4 alternating blocks. The blocks 1 and 3 were word reading blocks, in which the participants were asked to respond to the semantic meaning of the color word, while ignoring the printed color of the stimulus. These 2 blocks were manipulated using 2 different contexts with 36 trails: 24 incongruent items (e.g., the word "blue" in red and the participants were asked to press the "blue" button) and 12 congruent items (e.g., the word "blue" in blue and the participants were asked to press the "blue" button). The incongruent and congruent items were randomly displayed in each block. The blocks 2 and 4 were color naming blocks, in which the participants were asked to respond to the printed color of the stimulus, while ignoring the word meaning itself. These 2 blocks were composed of 24 incongruent items and 12 neutral items (i.e., strings of 5 signs @@@@@ and the participants were asked to press the corresponding color button). The incongruent and neural items were randomly displayed in each block. Each block began with the instruction presented in the screen and each stimulus displayed less than 5 s, during which the participant needs to respond to the stimulus. If the participant responded before the deadline, the "Right" or "Wrong" was presented for the results; once more than 5 s, no matter the answer was correct or not, it was recorded "No Response," and the results would be discarded. An interstimulus interval was 1.5 s and the total experiment time was 936 s. The schematic representation of the Stroop task design is shown in Figure 1 .
The participants were instructed to respond as fast and accurately as possible after the presentation of each item. Before the experiment, the participants were given 3 practice runs of the task. E-Prime 2.0 software (Psychology Software Tools) was used to present the stimuli and collect the results. We recorded reaction time (RT) and correction rate (CR) during incongruent/congruent/neutral items of word reading and color naming blocks. The interference resolution was evaluated by 2 measures: the reaction delay of color interference (RD-C) was defined as the mean RT of incongruent items minus that of congruent items in word reading blocks and the reaction delay of word interference (RD-W) was defined as the mean RT of incongruent items minus that of neutral items in color naming block (MacLeod 1991; Stuss et al. 2001; Fan et al. 2003; Floden et al. 2011) . Forty-one subjects were excluded due to lack of the Stroop task results.
COMT Genotyping
We extracted genomic DNA from 3000 µL of whole blood using the EZgeneTM Blood gDNAMiniprep Kit (Biomiga, Inc.). The genotypes for COMT rs4680 were examined using the polymerase chain reaction (PCR) and ligation detection reaction (LDR) method (Thompson et al. 2004; Yi et al. 2009 ) with technical support from the Shanghai Biowing Applied Biotechnology Company. PCR primer sequences were: forward sequence: 5′ GGGCCTACTGTGGCTACTCA 3′; reverse sequence: 5′ CCCTTTTTCCAGGTCTGACA 3′. PCR was performed with a 20 μL reaction volume containing 1 μL genomic DNA, 0.4 μL primer mixture, 2 μL dNTPs, 0.6 μL Mg 2+ , 2 μL buffer, 4 μL QSolution, and 0.3 μL Taq DNA polymerase. The amplification protocol incorporated an initial denaturation and enzyme activation phase at 95°C for 15 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing for 1 min and 30 s at 59°C for COMT rs4680, extension at 72°C for 1 min, and then a final extension at 72°C for 7 min. PCR products were verified in 3% agarose gels that were stained with ethidium bromide to regulate the amount of DNA added to the LDR. Three probes were used for LDR reaction: one common probe (P-GCCAGCGAAATCCACCATCCGCTGGTTTTTTTTTTTTTTTTTTTT-FAM) and two discriminating probes (rs4680_A: TTTTTTTTTTTTTTTTTTTTCAGGCATGCACACCTTGTCCTTCAT and rs4680_G: TTTTTTTTTTTTTTTTTTTTTTCAGGCAT GCACACCTTGTCCTTCAC). These reactions were conducted in a 10 μL mixture containing 1 μL buffer, 1 μL probe mix, 0.05 μL Taq DNA ligase, 1 μL PCR product, and 6.95 μL deionized water. The reaction program consisted of an initial heating at 95°C for 2 min, followed by 35 cycles of 30 s at 94°C and 2 min at 50°C. Reactions were stopped by chilling the tubes in an ethanol-dry ice bath and adding 0.5 mL of 0.5 mM EDTA. Aliquots of the reaction products (1 μL) were mixed with 1 μL of loading buffer (83% formamide, 8.3 mM EDTA, and 0.17% blue dextran) and 1 μL ABI GS-500 Rox-Fluorescent molecular weight marker and then denatured at 95°C for 2 min. The samples were then chilled rapidly on ice prior to being loaded on a 5 Murea-5% polyacrylamide gel and electrophoresed on an ABI 3100 DNA sequencer at 3000 V. Finally, the fluorescent ligation products were analyzed and quantified using the ABI Gene Mapper software. Twenty subjects were excluded due to genotyping failure.
Image Acquisition
MRI data were acquired using a Signa HDx 3.0 Tesla MR scanner (General Electric). Sagittal 3D T1-weighted images were acquired by a brain volume sequence with the following parameters: repetition time/echo time = 8.1/3.1 ms; inversion time = 450 ms; field of view = 256 mm × 256 mm; matrix = 256 × 256; flip angle = 13°, slice thickness = 1 mm; no gap; 176 sagittal slices. Resting-state functional MRI data were collected using single-shot echo-planar imaging (repetition time/echo time = 2000/30 ms; field of view = 240 mm × 240 mm; matrix = 64 × 64; flip angle = 90°, slice thickness = 4 mm; no gap; 40 interleaved transverse slices; 180 volumes). During the functional MRI scans, all subjects were instructed to keep still with their eyes closed, to think of nothing in particular, to stay as motionless as possible, and to not fall asleep.
GMV Calculation
All structural images were visually checked by 2 experimenters. One subject was excluded due to poor image quality; then, a total of 261 subjects were finally included in the voxel-based morphometry (VBM) analysis. The GMV maps were calculated using the VBM8 implemented in Statistical Parametric Mapping software package (SPM8, http://www.fil.ion.ucl.ac.uk/spm). In the segmentation of VBM8, an adaptive Maximum A Posterior technique (Rajapakse et al. 1997 ) and a partial volume estimation (Tohka et al. 2004 ) were used to estimate the fraction of each pure tissue type present in every voxel. After the structural images were segmented into gray matter (GM), white matter, and cerebrospinal fluid, the individual's GM concentration map was normalized into the Dartel template in Montreal Neurological Institute (MNI) space (http://www.mni.mcgill.ca/). This template was derived from 550 healthy control subjects of the IXI-database (http://www.brain-development.org). In the modulated normalized process, we multiplied the individual's GM concentration map only by the nonlinear determinants derived from the spatial normalization procedure. This step resulted in normalized GM density or relative GMV map for each subject. Here, the GMV of each voxel represents the fraction of GM present in each voxel, which preserves the local GM density while removing the confounding effect of variance in individual brain sizes. After that, we resliced the normalized GMV to a 1.5-mm cubic voxel. Finally, the GMV images were smoothed with a kernel of 8 mm × 8 mm × 8 mm full width at half maximum. Then, the spatial preprocessing, normalized, modulated, and smoothed GMV maps were used for further analysis.
Functional Measure Calculation
The preprocessing of functional MRI data and the calculation of functional measures are shown in Supplementary Material Part 1. A total of 251 subjects were included in the analyses of functional measures, which included the amplitude of low frequency fluctuation (ALFF), regional homogeneity (ReHo), and resting-state functional connectivity (rsFC). Statistical Analysis for Demographic, Genetic, and Behavioral Data Statistical analyses for demographic, genetic, and behavioral data were performed using the Statistical Package for the Social Sciences version 18.0 (SPSS, Inc.). Generally, a Chi-square test was used to compare group differences in gender. A 2-way (genotype and gender) ANOVA was used to identify gene × gender interaction on age, educational years, RT, RD, and CR. If there was a significant interaction, post hoc analysis was used to compare the differences (P < 0.05) between genotypic groups in males and females, respectively. Student-Newman-Keuls (SNK) method was used to correct for multiple comparisons.
Statistical Analysis for Imaging Data
Similar to a previous study of COMT effect (Watanabe et al., 2015) , we also performed statistical analyses using SPM8 software. A full factorial 2-way (genotype and gender) ANOVA was used to voxel-wisely identify the main effect of COMT and gene × gender interaction on GMV within the whole brain or within the ECN mask, respectively. Age and educational years were included as covariates of no interest into the ANOVA to control for potential confounding variables. The ECN was defined by independent component analysis (see details in Supplementary Material Part 2). Multiple comparisons were corrected using the nonstationary random field correction with a voxel-wise threshold of P < 0.001 and a cluster-level threshold of P < 0.05. If the results cannot pass the cluster-level correction, an uncorrected voxel-wise threshold (P < 0.001) was used to show the trend of significance. The GMV of each brain region with significant gene × gender interaction was extracted and used to post hoc comparisons between genotypic groups in males and females, respectively. SNK method was used to correct for multiple comparisons.
Brain regions with significant COMT × gender interaction on GMV were defined as regions of interest (ROIs) for the following functional analysis. Firstly, we extracted ALFF and ReHo of each ROI and used a 2-way ANOVA to analyze these functional properties (P < 0.001). And then, a 2-way ANOVA was applied within a mask of brain areas with significant positive rsFC with the ROI, to voxel-wisely identify COMT × gender interaction on rsFC using the same statistical methods and thresholds as the GMV comparison. The significant rsFC was extracted and used for between-genotype comparisons in males and females, respectively. The η 2 was used to test the effect size of ANOVA (Cohen 1988; Bezeau and Graves 2001; Parker and Hagan-Burke 2007) , which was divided into small (0.01 < η 2 < 0.06), medium (0.06 < η 2 < 0.14), and large (η 2 > 0.14) effects (Cohen 1988 ).
Voxel-wise partial correlation analyses were carried out to test correlations between brain GMV and RD/CR of the Stroop task in males and females, respectively (P < 0.001), while controlling for the effects of age and education years.
Mediation Analysis
In statistics, a mediation model is used to identify the mechanism that underlies an observed relationship between an independent variable and a dependent variable via introducing a third (mediator) variable (https://en.wikipedia.org/wiki/ Mediation). A mediation model proposes that the independent variable influences the mediator variable, which in turn influences the dependent variable. Mediation analysis may improve our understanding of the relationship between the independent and dependent variables when the variables appear to be lack of a direct connection.
In this study, we used the SPSS macro to perform the mediation analysis (http://www.afhayes.com/introduction-tomediation-moderation-and-conditional-process-analysis.html) (Preacher and Hayes 2008; Hayes 2013) . In each gender group, we defined the COMT genotype as the independent variable, the GMV of the left FP as the mediator variable, and the RD/CR as the dependent variable. The first step was to confirm that the independent variable (genotype) is a predictor of the dependent variable (RD/CR), which is known as the direct effect. The second step was to confirm that the independent variable (genotype) is a predictor of the mediator (GMV). The third step was to confirm that the mediator (GMV) is a predictor of the dependent variable (RD), while controlling for the independent variable (genotype). The indirect effect is the product of path coefficients of the last 2 steps. Then the bootstrapping method was used to assess the significance of the mediation effect. Bootstrapping involves repeatedly randomly sampling observations with replacement from the data set to compute the indirect effect in each resample. After 5000 bias-corrected bootstrapping, we can estimate the sampling distribution of the indirect effect. According to the distribution, we can calculate 95% confidence intervals of the effect. If zero does not fall between the resulting 95% confidence interval of the bootstrapping method, we can confidently conclude that there is a significant mediation effect (P < 0.05). If a functional measure showed significant difference, we used the same method to test its mediation effect.
Results
Demographic and Genetic Characteristics
A total of 261 healthy subjects were finally included in this study. Their demographic and genetic characteristics are shown in Table 1 . The distributions of COMT rs4680 (126 Val/ Val, 109 Val/Met, and 26 Met/Met) were in Hardy-Weinberg equilibrium (P > 0.05). The allele-frequency distributions in males and females are presented in Table 2 . There were no significant differences in genotypic distribution, age, and education years between males and females (P > 0.05).
Stroop Task Performance Differences Between COMT Genotypes
Stroop task performance of subjects is shown in Tables 3 and 4 . The 2-way ANOVA showed a significant gene × gender interaction on RD-W (P = 0.023, Fig. 2 ), but not on RD-C (P = 0.538) and total CR (P = 0.360). Post hoc analysis revealed that the male Val/Val subjects had a greater RD-W than the male Met/ Met subjects (P = 0.028), and the difference was still significant following SNK correction for multiple comparisons. There were no significant differences (P > 0.05) in RD-W in other 2 contrasts (Val/Val vs. Val/Met and Val/Met vs. Met/Met) in males and in any contrasts in females. We did not find any main effects of gene or gender on the RD-C, RD-W, and total CR in these subjects (P > 0.05). Neither significant main effects nor significant gene × gender interaction effects were found in RT or CR of incongruent/congruent/neutral items of color naming or word reading blocks (P > 0.05).
GMV Differences Between COMT Genotypes
In the whole brain analysis, we did not find any significant main effect of COMT and COMT × gender interaction on GMV when using nonstationary random field correction for multiple comparisons (P < 0.05). When using an uncorrected threshold of P < 0.001, we found a significant COMT × gender interaction on the GMV in the left lateral frontal pole (FP) (Brodmann area 10; peak MNI coordinate: x = −15, y = 54, z = 18; peak F = 7.2118; 214 voxels; Fig. 3A) , although there was no significant main effect of COMT. The effect size was η 2 = 0.062, indicating a medium effect. Post hoc comparisons showed that Val/Val individuals exhibited decreased GMV than Val/Met (P = 0.003, significant following SNK correction) and Met/Met (P = 0.006, significant following SNK correction) in males but not in females (Val/Met: P = 0.410; Met/Met: P = 0.317) (Fig. 3B) . Neither males nor females showed a significant GMV difference between Val/Met and Met/Met genotypes. Within the ECN mask (Fig. 4) , we found a significant COMT × gender interaction (P = 0.049, nonstationary random field correction) on the GMV in the left lateral FP (Brodmann area 10; peak MNI coordinate: x = −16.5, y = 58.5, z = 18; peak F = 6.603; 49 voxels; Fig. 5A ). The effect size was η 2 = 0.09, indicating a medium effect. Post hoc comparisons showed that Val homozygotes exhibited significantly decreased GMV than Met heterozygotes (P = 0.0002, significant following SNK correction) and Met homozygotes (P = 0.011, significant following SNK correction) only in males but not in females (Val/Met: P = 0.347; Met/ Met: P = 0.842) (Fig. 5B) . Neither males nor females showed a significant GMV difference between Val/Met and Met/Met genotypes.
Functional Measure Differences Between COMT Genotypes
The left lateral FP cluster with significant COMT × gender interaction (P < 0.001) on GMV in the whole brain analysis was extracted as the ROI for the following analyses of functional measures. For the ALFF and ReHo of the left lateral FP, we did not find any significant main effect of genotype (ALFF: P = 0.451; ReHo: P = 0.335) or COMT × gender interaction (ALFF: P = 0.312; ReHo: P = 0.683). Within the positive rsFC mask of the left lateral FP (see Supplementary Fig. S1 ), we did not find any significant main effect of genotype or COMT × gender interaction on the rsFC of the left lateral FP (P < 0.001, uncorrected).
Association Between Brain GMV and Stroop Performance
We performed voxel-wise partial correlation analysis to test correlations between brain GMV and RD/CR of the Stroop task in males and females, respectively (P < 0.001). We found that 
The data were shown as mean (SD); RD-C, reaction delay of color interference in word reading blocks; RD-W, reaction delay of word interference in color naming blocks; RT, reaction time; SD, standard deviation. *The P-value of COMT × gender interaction effect on RT or RD. The bold and italic P-value was statistically significant. males and females showed significant correlations between RD-W and GMV in different brain regions (see Supplementary  Fig. S2 ). The RD-W was mainly correlated with the dorsal anterior cingulate cortex (dACC) in females, but with the PFC in males. However, neither males nor females showed significant correlation between RD-C/CR and GMV.
Mediation Analysis
The mediation analysis was performed in males and females, respectively. In male subjects, we found significant direct effects from COMT to RD-W (P = 0.026), from COMT to GMV (P = 0.043), and from GMV to RD-W (P = 0.040). More importantly, we found a significant indirect effect (P = 0.018) (Fig. 6A) , suggesting that the GMV of the left FP may mediate the association between COMT and RD-W. In female subjects, however, we did not find any significant effects in the gene-anatomycognition pathway (Fig. 6B ).
Discussion
In this study, we investigated gene-anatomy-cognition pathways to explain how COMT Val158Met polymorphism affects interference resolution capacity via modulating the GMV of the brain in healthy subjects. We found a significant COMT × gender interaction on interference resolution capacity and on the GMV of the left lateral FP. These effects were only significant in male subjects. Mediation analysis revealed that the GMV of the left lateral FP mediated the association between COMT polymorphism and interference resolution only in males.
Association Between COMT and Interference Resolution
COMT Val/Val individuals have been associated with poor prefrontal executive functioning (Egan et al. 2001; Joober et al. 2002; Malhotra et al. 2002; Goldberg et al. 2003; Rosa et al. 2004; Galderisi et al. 2005) , in particular interference resolution capacity (Nolan et al. 2004; Reuter et al. 2005; Green et al. 2013 ). The COMT may affect prefrontal functioning via modulating the synaptic dopamine concentration in an inverse U-shaped pattern (Williams and Goldman-Rakic 1995; Goldman-Rakic 1998) , in which both the lowest and the highest dopamine levels may impair behavioral performance (Giakoumaki et al. 2008; Qin et al. 2012; Fallon et al. 2013 ). Moreover, estrogen may also affect prefrontal functioning via inhibiting COMT activity (Xie et al. 1999; Jiang et al. 2003) , which has been linked to gender difference in interference resolution capacity (Kimura 1987; Tunbridge and Harrison 2011; Pezeshki Rad et al. 2014 ). These findings may account for our finding of the modulation effect of COMT on interference resolution capacity being significant only in male subjects, which has been reported in previous studies (Reuter et al. 2005; Baroun and Alansari 2006; O'Hara et al. 2006; White et al. 2014 ).
Association Between COMT and PFC
As a key enzyme of dopamine degradation, COMT may account for more than a half of the dopamine degradation in the PFC because of the lack of dopamine transporter in the PFC synapses (Mannisto and Kaakkola 1999; Seamans and Yang 2004) ; it thus plays a unique role in regulating synaptic dopamine levels The data were shown as mean (SD); CR, correction rate; SD, standard deviation. *The P-value of COMT × gender interaction effect on CR. in the PFC (Karoum et al. 1994) . These findings may explain why the effect of COMT was restricted to the PFC. It has been well documented that dopamine affects neuronal survival and growth in an inverted U-shape fashion (Honea et al. 2009 ). In this model, an optimal dopamine signaling may induce the generation of brain-derived neurotropic factor (Kuppers and Beyer 2001) and facilitate neuronal growth. Conversely, either too low or too high extracellular dopamine signaling may impair neuronal integrity and survival (Xu et al. 1994; Santiago et al. 2000; Fumagalli et al. 2003) . Moreover, males may exhibit lower dopamine availability than females because estrogen can down-regulate COMT activity (Xie et al. 1999; Jiang et al. 2003) . Therefore, based on COMT genotype and gender, one can estimate relative dopamine signaling of each subgroup. The presumed dopamine signaling from low to high is in the order of Val/Val males, other combinations and Met/Met females. These may explain why Val/Val males showed the smallest GMV in the left FP. The gender difference in the modulation effect of COMT on prefrontal morphology is well consistent with previous findings (Kates et al. 2006; Zinkstok et al. 2006) .
Association Between PFC and Interference Resolution
The cognitive control (inference resolution, conflict processing, etc.) has been linked to the dACC and dorsolateral PFC (DLPFC) of the brain (MacDonald et al. 2000; Fan et al. 2003; Carter and Van Veen 2007; Roberts and Hall 2008; Floden et al. 2011; Rahm et al. 2013) . In this context, the dACC (Botvinick et al. 2004; Carter and Van Veen 2007) and DLPFC (Botvinick et al. 2001 ) are involved in monitoring and resolving conflict, respectively. The lateral FP has dense connections with the DLPFC ), and they are coactivated during cognitive control tasks, such as the Stroop (Taylor et al. 1997; Banich et al. 2000; Mead et al. 2002; Laird et al. 2005 ) and stop-signal tasks (Aron et al. 2004) . The lateral FP is involved in the selection of processes (Fletcher and Henson 2001) and reallocation of attention (Gilbert et al. 2006) , and is even directly linked to the ECN (Zysset et al. 2001 ). In our study, both the ECN map derived from Independent Component Analysis (Fig. 4) and the GMV correlation map of the RD-W (see Supplementary Fig. S2 ) indicate that the left lateral FP is a component of the ECN at least in male subjects. Moreover, the correlation between the GMV of the left lateral FP and RD-W (interference resolution capacity) is well consistent with previous findings reporting an association between the GMV of the PFC and the performance of the Stroop task (Takeuchi et al. 2012 ) and stop-signal task (Aron et al. 2003) . From Supplementary Fig. S2 , we observed that brain regions with significant GMV-RD correlations were largely different between males (DLPFC) and females (dACC), suggesting a distinct gender difference. This finding is consistent with previous studies reporting gender differences in functional connectivity (Hjelmervik et al. 2014; White et al. 2014 ) and event-related potentials (Huster et al. 2011 ) associated with cognitive control. Of course, future studies are needed to clarify the mechanisms underlying gender differences in brain regions involved in cognitive control.
Gene (COMT)-Anatomy (FP GMV)-Cognition (Interference Resolution) Pathway
Although the pairwise relationships among gene, anatomy, and cognition have been extensively investigated, there is lack of a united gene-anatomy-cognition model to account for the modulation of COMT Val158Met polymorphism on the capacity of interference resolution. In this study, we used a mediation model and revealed that the GMV of the left lateral FP might mediate the modulation of COMT Val158Met polymorphism on the interference resolution in male subjects. This geneanatomy-cognition pathway may help us to better understand the neural mechanism of interference resolution in healthy males. More importantly, in some brain disorders, it would help to understand the gender difference in genetic susceptibility, to identify the mechanisms of the executive impairments, to design the treatment target to improve the executive function, and to monitor the efficacy of the potential treatment. Therefore, future studies should translate our finding of this gene-anatomy-cognition pathway into brain disorders to better understand and efficiently treat these disorders.
Functional Measure Analyses
Besides the GMV analysis, we also performed functional measure analyses. However, we did not find any significant main effects of COMT or COMT × gender interactions on either regional activity (ALFF and ReHo) or rsFC in the left lateral FP. These findings may be explained by previous heritability studies reporting that structural measures have much greater heritability than functional measures of the brain (Thompson et al. 2001 ).
Limitations
Based on COMT genotype and gender, one can roughly estimate the relative dopamine signaling from low to high is in the order of Val/Val males, other combinations and Met/Met females. However, the specific sorting scheme for middle subgroups (Val/Met males, Met/Met males, Val/Val females and Val/Met females) is arbitrary. In other words, we do not know the weights of the gene and gender in contributing to the dopamine signaling. Although our findings suggest a gene (COMT)-anatomy (FP volume)-cognition (interference resolution) pathway, the results from the imaging genetics analysis cannot be directly translated into putative knowledge because of its nature of statistical inference. More systematic studies using animal models and other techniques are required to confirm the association and to elucidate the underlying biological mechanisms.
Conclusion
Using a mediation analysis, we identified a gene-anatomycognition pathway to explain how COMT Val158Met polymorphism affects interference resolution capacity via modulating the GMV of the left lateral FP in healthy male subjects. This pathway may not only provide us a better understanding the genetic modulation of cognitive control in healthy subjects, but also provide a reference frame for investigating the mechanisms of executive impairments in brain disorders.
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